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SUKMABT 



Vibration tests of a four— Diode eingle— rotating pro- 
peller operating in a simulated pusher condition were 
performed because the combination of wake end downwash 
behind a wing vas expected to provide serious excitation 
for reactionless vibrations of propellers with four or 
more blades. The tests irere conducted in the LI*AL 16— foot 
high— speed tunnel with a wing mounted at thrust— axis level 
ahead of the propeller; the blade sections at three- 
fourths the propeller radius operated at approximately 
twice their chords behind the trailing edge of the tapered 
wing at their closest position. Measurements of propellor 
vibratory stresB were made for various airspeeds, engine 
speeds, end engine powers. 

The wake behind the wing supplied serious excitation 
for an edgewise reactionless vibration of the propeller 
at a frequency of tvice the propeller speed; the resulting 
vibratory stress increased considerably with airspeed but 
was practically independent of engine brake mean effective 
pressure for constant airspeeds. The effect of downwash 
upon the reactionless vibration was very small; changing 
the angle of attack of the wing from 0° to 3.9° produced 
no detectable inorease of downwash excitation and little 
increase of wake excitation. A simulated full— span split 
flap on the lower surface of the wing greatly increased 
the vibratory stress and prohibited the running of tests 
over the stress peak at airspeeds, higher then 140 miles 
per hour . 

No flatwise reactionless vibration was detected, 
probably because the airspeeds were low for most of the 
critical engine speeds and because the harmonic components 
of wake excitation were small. 
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INTBODUCTIOK 



The operation of a single— rotating propeller with 
four or more blades behind the wing has created some 
concern because of the expectation that the combination 
of wake and downwash might supply serious excitation for 
a roactionless type of vibration. Because roactionloss 
vibrations of a single— rotat ing propeller may occur at 
all frequoncies other than 1, kB , and kB ±1 times the 
propeller spood where k is any integer and B is the 
number of blades, it is observed that the propeller must 
have more than three blades to vibrato in a roactionless 
manner (referonce 1). A propeller vibration is reaction- 
less if the vibratory motions of the blados aro such that 
the vibratory bonding moments and the vibratory forces of 
the several blados cancel each other at the propeller 
shaft; consequently, roactionless vibrations occur only 
with aerodynamic excitation and are not possessed of 
engine damping. It was believed that with no engine 
damping the vibratory stresses caused by the wake and tho 
downwash behind a wing could bo unsatisfactorily high, 
inasmuch as the vibratory stresses would be limited only 
by aerodynamic damping, by hysteresis damping of the 
propeller blados, and by damping produced by motion of the 
blade shanks in their hub sockets. 

Tests were conducted In the LMAL 16— foot high— spood 
tunnel with a wing mounted at thrust— axis level ahead of 
a four— blade single— rotating propeller. Measurements of 
propeller vibratory stress were made for various airspoods y 
engine powors, and conditions of the wing for the complete 
engine— speed range. Most of the testing was done, however, 
within the limited range of ongine spood for which a prom- 
inent roactionless vibration occurred. 

Members of tho staff of Hamilton Standard Propellers, 
Division of United Aircraft Corporation, collaborated In 
conducting the tests and analyzing the records. 



APPARATUS AND METHODS 



The singlo-rotating propeller tested 1b described as 
follows : 
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Type Hamilton Standard hydrostatic 

Material Aluminum alloy 

Huinber of "blades * Four 

Diameter . . . . ...... IS feet C inches 

Blade design ' 6487-13 

Hub design 24D50 



The propeller was driven b^ a Pratt & '/hltney S— 2800 
engine geared 16:9 and mounted on rubber mounts in a full- 
scale stub— wing nacelle. The engine— propeller— nacelle 
combination ■ is shown in figure 1. 

The pusher condition was simulated by mounting a 
wing at thrust— axis level ahead of the four— blade propel- 
ler. The wing, which has an IT AC A low-drag airfoil sec- 
tion, was inverted merely because of convenience, this 
way of mounting having been desirable for conducting the 
vibration tests reported In reference 2. Figure 1 shows 
thn wing mounted ahead of the propeller to simulate the 
pusher condition. The dimensions of the wing and the 
location of the wing witb respect to the propeller for the 
wing set at an an^le of attack a of 0° are Bhovn in fig- 
ure 2. The wing was located in such a way that the blade 
sections at three— f our thE the propeller radius operated 
at approximately twice their chords behind the trailing 
edge of the trapered wing. The N simulated split flap used 
for one of the tests is shown in figure 2. In order that 
thf simulated flat) would be attached to the rear spar of 
thp wins, it was somewhat forward of the usual flpp posi- 
tion. 

Oscillograph records of propeller vibratory strain 
were obtained by a method fully described in reference 2. 

Hloctrioal strain gages were mounted longitudinally 
on all the blades at the shanks and near the tips. The 
gages were mounted on the cambered — that is, the front — 
sides of the blades (fig. Z ) . Because the maximum stress 
of a blade surface for a given propeller radius is at 
maximum blade thickness for a flatwise vibration, the tip 
gages were mounted to measure stresses at maximum blade 
thicknesses. Some gages were mounted on the wing. 

The strain gages on the propeller were connected to 
a slip— ring device, which in turn was connected to volt"-- 
age amplifiers. The strain— gage resistances varied with 
the strains to produce fluctuating voltages the alternat- 
ing components of which were applied to the amplifiers. 
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The gages were calibrated in such a way that there was a 
known relationship between t-he alternating voltages and - 
bhe strain variations, 

The alternating-voltage outputs of the amplifiers 
were applied to oscillograph elements of a recording 
oscillograph, and strain variations were recorded on pho- 
tographic paper. There were 12 amplifiers and 12 oscil- 
lograph elements; one of the channels was used for record- 
ing a timing wave on the photographic paper. The timing 
wave consisted in periodic impulses occurring each time 
a given cylinder fired. These impulse records were 
obtained by proper connection from a spark-plug lead to 
an oscillograph element- The purpose of having a timing 
wave representing engine speed 1b to express the frequen- 
cies of vibration in terms of either engine speed or pro- 
peller speed, in order that the cause of the vibration 
can be determined. A direct record of propeller speed 
would have been just as eaiteble. (See reference 2.) 

All the amplifiers were calibrated simultaneously 
at intervals during the test by applying a known alter- 
nating voltage to their input terminals. The amplitudes 
of the resulting oscillograph traces were measured after 
the tests, and a definite relationship between oscillo- 
graph amplitudes and amplifier input voltages was thereby 
obtained. Bach inch of amplitude on the photographic 
paper therefore represented a known amplitude of strain 
on a propeller blade. Stress values were determined by 
multiplying Btrain values by the modulus of elasticity 
for aluminum. 

The static natural frequencies of reactionless pro- 
peller vibrations with Hamilton Standard 6<L-67— 12 blades 
were predetermined by measurement and are shown in the 
following table; 



Mode 


jTr*>qu3noy 
(cps ) 




f 16,7 




! 70.2 


Flatwise 


( 137.8 




| 187.5 




.'.230.5 


Edgewise 


45. 8 



The four— blade pr opr-ll.->r , reetlng on itB hub which was 
unr ps trained , was excited at one of th* "blade tips with 
an electrical exciter of variable frequency. It was con- 
sidered not necessary to restrain the huh b^oauB", for a 
renctionless vibration, the vibratory bending moments and 
vibratory foroee of th* 3 four blades cancel each othor at 
the huh. From a low frequency, the exciter frequency was 
gradually Increased; when the various repctionlpse vibra- 
tions appeared, the fraqucncies were acouratfly deter- 
mined. Osoillograph records of strain were taken, using 
electrical strain gages for pic.tu.pe. the frequonoioB of 
strain variation appearing on these reoords were deter- 
mined accurately by comparing thpm with the traces pro—, 
ducrd by an accurately calibrated, electrically excited 
tuning fork. Frequencies for the first five flatwise 
modes and the first edgewise mode were determined. Because 
the present report deals principally with reactionlcss 
vibrations, th* method of determining static natural fre- 
quencies of nonr eact 1 onles s vibrations is not discussed 
herein. A morn couplets diBCUBsion of the methods of 
measuring static natural frequencies of a propeller is 
^iven in reference 2. 

A prop«ll"r vibration is termed flatwise if the 
vibratory motions of tho blade sections are primarily 
perpendicular to thp blade chords; whnreas an edgwwiee 
propeller vibration is one with the vibratory motions of 
the blade sections primarily along the blede chords. Some 
flatwise motion generally exists near the blade tips dur- 
ing edgewise resonance "because of the coupling supplied 
by the "blade twist. 

Centrifugal correction factors were applied to the 
static natural frequencies of reactlonlesa vibration In 
accordance with the accepted formula, which is explained 
in reference 3 , 

f* «= f 0 s + Kn a (1) 

where 

f natural frequency at a given propeller speed 
f 0 static natural frequency 
n propnller speed 
and 

K a constant for a given mode of a given propeller 
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The method of predicting engine speeds for. reaction- 
less vibrations of frequencies 2n and 6n ie shown in 
figure 4. The values of £ used for figure 4 are as fol- 
lows : 

First flatwise mode r 1.7 

Second flatwise mode 5.6 

First edgewise mode ' 1.12 

The critical engine speeds are those at which the straight 
lines intersect the lines representing natural frequencies. 
Only the first and the second flatwise modes and the first 
edgewise mode are considered for figure 4 "because , within 
the engine operating speeds, the straight lines represent- 
ing frequencies of 2n and tin do not intersect the 
natural— frequency. lines for the higher modes. The reac— 
tionless vibration having a frequency of 2n is of most 
importance and the reactionlesB vibration of frequency 6n 
is also of interest. Excitations having frequencies 
higher than 6n were expected t o be negligible. 

The test conditions are given in the following table: 



Engine bmep 
(lb/sq in.) 


Airspeed 
(mph) 


iingine speed 
(rpm) 


Angle of attack, 0° 


100 
150 
200 


15 tp 280 » 900 to 2850 

\ 100 to 210 ! J 1250 t0 2850 
f \ 1250 to 2860 


Angle of attack, 3.9° 


100 
150 
200 


) 100 to 135 1 2400 to 2850 

! 


Ingle of attack, 0°; simulated split flap on wing 


IOC 
150 
200 


'/ 100 to 185 
1 

J 


2400 to 2850 



03VMLAL DISCUSSION 07 PEOPELLEH VIBEATIOITS 



CAUSiiD BY A WING ABJiAD OP TEH PE'OPii LL2E 



Sizable excitation forces for reacti onleae propel- 
ler vibrations are expected If the propeller operates in 
the wake and downwash region behind a wing. Although 
nonreaot ionleBB vibrations having other excitations are 
also important, they are outside the scope of the present 
report . 

In accordance with the result of an analysis show- 
ing that reactionless vibrations can occur for all fre- 
quencies other than 1, kB , and kB-± 1 times the pro- 
peller speed, e propeller must have more than three blades 
to vibrate in a reactionless manner, and a reactionless 
vibration of a four— blade propeller can occur for frequen- 
cies of 2n, 6n, lOn, 14n . . . (reference l). It may 
be noted that a reactionless vibration can occur at a fre- 
quency of 2n for propellers with four or more bladeB. 

The wake behind a wing may result in a serious reac- 
tionless vibration of a propeller with four or more 
blades if the frequency of excitation 2n is equal to 
a natural frequency for a reactionleas vibration. Each 
blade of the propeller passes through two low— velocity 
regions per revolution. The periodic change of forward 
velocity with respect to each blade causes a periodic 
change of angle of attack of each blade. Periodic forces 
therefore act upon the blades to produce a propeller 
vibration at a frequenoy of 2n. The effeot of a change 
of forward velocity acting upon the propeller blades is 
shown in figure 5. The greater force occurs for the 
lower forward velocity because of the greater angle of 
attack. The decrease in magnitude of resultant velocity 
Tb, however, slightly offsetB the effect of the ohange 
of the angle of attack* Typical total— pressure and 
static— pressure variations in the wake region are shown 
in figure 6. 

§ 

The excitation provided by the wake is not sinusoidal, 
and excitations at frequencies th.pt are harmonics of 2n 
therefore exist. These harmonic components, however, are 
Bmaller than the fundamental component. The excitation 
having a frequency of 4n will not excite a reactionless 
vibration of a four— blade propeller. Although an excita- 
tion having a frequency of 6n can produce a reactionless 
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vibration, the third harmonic component of wake excitation 
is expected to be quite email and to give little trouble. 
Higher harmonica of wake excitation are expected to be 
negligible . 

A reactionlesB vibration having a frequency of 6n 
can be a first, a second, or a higher mode, depending upon 
th? propeller speed. The highest mode that can be obtained 
with this frequency of 6n depends upon the upper limit 
of propeller epeed, the natural frequencies of the modes, 
and the increase of natural frequencies of the modes with 
propeller Bpeed. (See references 3 end 3.) For modes of 
vibration higher than the first mode, the vibratory veloc- 
ity of some parts of the ble<3e is 180° out of phase with 
that at other parts of the blade (see fig. ?); and, with 
the excitation acting in the same sence over the entire 
blade length, some parts cf t h* 1 blade absorb energy from 
the excitation, while the remaining parte dissipate energy. 
If a reoctionless vibration of frequency 6n appeared at 
a relatively high propeller speed, it would "be one of the 
higher modes and therefore subject to the cancelation 
effect. The cancelation effect is somewhat decreased, 
however, because an excitation acting near a blade tip is 
more effective than the same excitation acting near the 
blade shank. 

The preeor-c of downwash behind a wing is expected 
to supply excitation for a propeller vibration at a fre- 
quency of In, as shown in figure 8. Th^ downward compo- 
nent of velocity in the plan- of the propeller disk in- 
creases the angle of attack of a propeller blade during 
one— fcalf revolution of the propeller and decreases thiB 
angle during the remaining on.^-half revolution. This 
periodic change of angle of attack of the blades causes 
por Iodic f oroPB to act on th--> blades and therefore results 
in a propeller vibration at r frequency of In. Also, the 
resultant velocity V s of tin? air with respect to the 
blades is variable with the sanK 1 frequency as the. angle 
of attack and aids the oeriodic change of angle of attack 
to produce th^ vibration. ffhr, vibration at a freqnriucy 
of In excited by the downwash is not reactionloss but, 
if it occurs s imultano ouely with the ronctl onless vibra-*- 
tion, is expected to Increase the seriousness of th" reac— 
tionless vibration excited by the wake. 

Increasing th-> englp of attack of a win? causes an 
increase of downvriBh angle and, ae a result, a vibretion 
a xcited by downwaBh would b° expected to become raor^ pro— 
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nouneed. Although the wake behind a wing follows the 
downwaeh, the change of magnitude and shape of a wake 
profile 1b small for a change of angle "of attack less " 
than about 5°. (See reference 4.) A relatively small 
change of wing angle of attack is therefore expected to 
produce little change of a propeller vibration exoited 
"by the wake. 

The use of a split flap on a wing is expected to 
broaden and strengthen the wake (reference 4) and thereby 
considerably increase the propeller vibratory stress 
occurring at a frequency of 2n'. A split flap on the 
lower surface of a wing also directs the air downward be- 
hind the wing and is expected to increase the excitation 
at a frequency of In. 

For oonstant airspeed and propeller speed, the pro- 
peller vibrations excited by the wake and the downwash 
behind a wing would be expected to be less affected by 
the engine brake mean effective pressure than those pro- 
peller vibrations excited by the engine. 

The trailing edge of a wing may pasBibly vibrate 
because of aerodynamic excitation supplied by a propeller 
operating close behind it, if its natural frequency is 
equal to the frequency of excitation (reference 2). The 
frequency of importance is Bn; each blade passes the 
closer part of the trailing edge once per propeller revo- 
lution. 

discussion ay hzsults 



The results of the present test are presented in fig- 
ures 9 to 12. The stress peaks are labeled with vibration 
frequencies in terms of propeller speed n and engine 
speed K — for example, 2n and 4-£K. The stress peaks 
of the curves representing total vibratory stress have 
more than one frequency component, and the frequency com- 
ponents are given in order of importance. Some of the 
stress curves are given only for a frequency of 2n; these 
stresses were measured with a wave analyzer. 

A prominent propeller vibration having a frequency 
of 2n appeared at an engine speed between 2760 rpm and 
2840 rpm. (See fig. 9.) This vibration was evidently 
edgewise, inasmuch as the first mode of edgewise vibration 
at a frequency of 2n was predicted for an engine speed 
of 288C rpm (fig. 4). The engine-speed prediction was 



10 



somewhat high hut is considered good, any prediction with- 
in 50 rpm being satisfactory for test purposes. The 
curves of figure 9 are plotted for the leading-edge posi- 
tion of the shank for two reasons: (l) For an edgewise 
vibration, the stresses at the shank are maximum at the 
leading edge and 180° around the shank from the leading 
«dge , as discussed in reference 2 (the leading— edge posi- 
tion is in line with the leading edge at approximately the 
42-in. station of the blade); and (2) For a first mode df 
vibration, the maximum stress along a blade is near the 
propeller hub beoause stress depends upon c/p, where o 
is the perpendicular distance from the neutral axis to 
the extreme fiber and p is the radius of curvature of 
the neutral axis. 

The effect of airspeed upon the vibratory stress for 
the edgewise vibration appearing at an engine speed of 
2820 rpm is shown in figure 9, These curves demonstrate 
that the vibratory stress increased with airspeed. Part 
of the total vibratory stress was produced by engine exci- 
tation, as evidenced by the frequencies IN, and 



The effect of engine brake mean effective pressure 
upon the vibratory stress is shown in figure 9. The vi- 
bratory stresses having frequencies of 2n change only 
slightly with brake mean effective pressure for a given 
airspeed; the very slight variation cen be due to experi- 
mental error. The vibratory stress of frequency 2n 
would be expected to be practically independent of brake 
mean effective pressure, ae previously discussed; however, 
if the total vibratory stress is composed of some engine- 
excited components, some engine damping exists that may 
vary with brake mean effective pressure to produce such 
slight variations of stress as found in figure 9. At 
first glance, the bottom curves seem to vary considerably 
with engine brake mean effective pressure, but it must' be 
noticed thet the curves are plotted for slightly differ- 
ent airspeeds. 

The downwash behind the wing should provide excita- 
tion at a frequency of In. With a wing angle of attack 
of 0°, traces of vibrations having a frequency of In 
were found for an airspeed of 280 miles per hour, but no 
indication of the frequency In appeared at the lower 
airspeeds. (See fig. 9.) The effect of downwash upon 
the total vibratory stress at the engine speed of 2820 rpm 
is small, probably because a frequency of In at this 
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engine speed is not a natural frequency of propeller 
. .vibration and because the downwash Is limited in a con- 
stricted air stream of 16—: foot' diameter. ' - - - - .. 

Changing the angle of attack of the wing from 0° to 
3.9° produced little increase of propeller vibratory 
stress. (See fig. 10.) This result shows that the wake 
and the downwash behind the ving were affected little by 
the angle change. Because the presence of the tunnel 
wall is believed to have limited the downwash, the loca- 
tion of the wake would be expected to change only slightly 
when the wing angle of attack is increased 3.9°. Xn 
accordance with referenoe 4, a change of 3.9° in the wing 
angle of attack should produce very little change of the 
magnitude and the shape of a wake profile. 

The elmulatnd Bplit flap on the lower surface of 
the wing greatly increased the propeller vibratory stress 
at a frequency of 2n. (See fig. 11.) This increase of 
stress is attributed to the strengthening and the broad- 
ening of thi wake. Although the presence of the simulated 
split flap was also expected to cause a vibration of fre- 
quency In, no such vibration was detected, With the 
use of the simulated split flap, however', complete re- 
sponse curves were not obtained for airspeeds higher than 
140 miles per hour, bocause of the dangeroualy high 
stresses anticipated. 

Figure 12 is a stress curve covering the entire 
engine— speed range. Although a flatwise vibration hav- 
ing a frequency of 2n was predicted for an engine speed 
of 1150 rpm (fig. 4), no such vibration vbb detected, 
probably because the airspeed at the critical engine speed 
was only 21 miles per hour. In practice, the velocity of 
the air with respect to either the wing or pusher propel- 
ler would be low for an engine speed of 1150 rpm. During 
the test the results of which are presented in figure 12, 
the cement bonding the gages to the blades softened some- 
what. The actual magnitudes of the stresses are there- 
fore approximate, but the frequencies are correct and 
provide a reliable indication that no vibration having a 
frequency of 2n was present, 

tfeit&er a flatwise nor an edgewise vibration having 
a frequenoy of 6n was detected (fig. 12). Figure 4 
shows that the critical engine speeds for vibrations hav- 
ing a frequency of 6n are 300 rpm, 830 rpm, and 1350 
rpm. Of these cases, only the second flatwise vibration 
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occurring at an engine speed of 1350 rpm would be expected, 
beoauee the first critical speed 1b below the operating 
range and" bocauBe the airspeed is low for the second crit- 
ical speed. The fact- that no vibration having a frequency 
of 6n was detected near the blade tips for an airspeed 
of about 110 miles per hour and an engine speed of 1350 
rpm indicates that the third harmonic component of wake 
"xcitation was small. 

The stress curves of figures 9, 10, and 11 show that 
the reactionless vibration of frequency 2n excited by 
the wake is serious. The vibratory stresses considerably 
exceeded +2500 pounds per square inch for the shanks. 
Inasmuch as propellers with more than four blades are also 
subjeot to reactionless vibrations at a frequency of 2n, 
the wake is expected to provide serious exoitation for 
edgewise reactionless vibrations of propellers Vlth four 
or more blades. 

Ho vibration of the wing was detected that \jould be 
attributed to aerodynamic excitation provided by \he pro- 
peller . 

CONCLUSIONS 



The results of vibration tests with a wing mounted 
at thrust-axis level ahead of b four— blade s ingle— rotating 
propeller to simulate a pusher condition in a constricted 
air stream of 16— foot diameter indicate the following 
conclusions : 

1. The wake behind the wing supplied serious exci- 
tation at a frequency of twice the propeller speed for 

an edgewise react ionlos6 vibration of the four-blade pro- 
peller . 

2. The vibratory stress for the react ionless vibra- 
tion increased considerably with airspesd, but was prac— . 
tically independent of engine brake mean", effective pres- 
sure for constant airspeeds. 

3. The effect of downwash upon the serious reaction- 
less vibration was very small. Changing the- angle of 
attack of the wing from 0° to 3.9° produoed no detectable 
increase of downwash excitation and little increase of 
wake excitation. 
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4. A simulated full— span aplit flap attached to the 

wing greatly increased the exaltation and pr^&blted the 

running of tests over the stress peak at airspeeds higher 
t- than 140 miles per hour. 

« 
to 

I 5. Agreement between the predicted and the measured 

; * ' value of engine speed for the reactionists vibration was 

satisfactory. 

6. Ho flatwise reaetlonless vibration was detected, 
probably because the airspeeds were low for most of the 
critical engine speeds and .because the harmonic compo- 
nents of wake excitation were small. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Held, 7a.. 
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Figure 9.- Effect of 'airspeed and bmep upon shank stress at leading- 
edge position.- n «= 0°, no simulated split flap on wing. 
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Figure 10.- "Effect of wing angle of attack upon shank stress at 

leading-edge position. Brake mean effective pressure, 
150 pounds per square inch. 
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Effect of similated split flap upon ohank Btrees at 
leading- ed^e position, a = 0°, tmep - 150 lb/eq in. 
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ffigure 12.- Summary curves of stress at 12g inches from tip. n. = 0°; 
no simulated split flap on wingj 7, below 160 mph. 
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